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I n t r o d u c t i o n  

An under s t and ing  of t h e  e f f e c t s  o f  i n h e r e n t  (1-3)  ( i . e . ,  n a t u r a l l y  
o c c u r r i n g  m i n e r a l  m a t t e r )  and e x t e r n a l l y  added c a t a l y s t s  ( 4 )  i s  of  
prime importance f o r  t h e  p roduc t ion  of  s y n t h e t i c  l i q u i d  f u e l s  by t h e  
d i r e c t  l i q u e f a c t i o n  o f  c o a l .  F u t u r e  l i q u e f a c t i o n  p r o c e s s  c o n c e p t s  
w i l l  r e q u i r e  an e x t e n s i v e  r e s e a r c h  d a t a  b a s e ,  i n c l u d i n g  t h e  r a t e s  and 
mechanisms of t h e  v a r i o u s  chemical  s t e p s  t h a t  occur  when s o l i d  c o a l s  
are conver ted  i n t o  u s e f u l  l i q u i d  p r o d u c t s .  ( 5 )  I n  a g e n e r i c  d i r e c t  
c o a l  l i q u e f a c t i o n  p r o c e s s  ( F i g u r e  l ) ,  t h e  c o a l / s o l v e n t  s l u r r y  and 
hydrogen a r e  f i r s t  p r e h e a t e d  t o  l i q u e f a c t i o n  t e m p e r a t u r e s  (400-475OC), 
and a r e  then  f e d  t o  a c a t a l y t i c  r e a c t o r  o r  d i s s o l v e r .  The average  
r e s i d e n c e  t i m e  i n  t h e  r e a c t o r  i s  g e n e r a l l y  an o r d e r  of  magnitude g r e a t e r  
t h a n  t h a t  i n  t h e  p r e h e a t e r .  (6) The r e a c t i o n s  t h a t  o c c u r  i n  t h e  p r e -  
h e a t  s t a g e  i n v o l v e  t h e  d i s s o l u t i o n  o f  c o a l ;  i . e . ,  t h e  c o n v e r s i o n  of 
c o a l  t o  s p e c i e s  ( such  a s  p r e a s p h a l t e n e s )  t h a t  a r e  s o l u b l e  i n  te t ra-  
hydro fu ran  (THF). ( 7 )  A l l  c u r r e n t  d i r e c t  l i q u e f a c t i o n  p r o c e s s e s  u t i l -  
i z e  p r e h e a t e r s  where c o a l  d i s s o l u t i o n  t a k e s  p l a c e ,  and t h e y  a l s o  t a k e  
advan tage  of  t h e  c a t a l y t i c  e f f e c t s  of  t h e  i n h e r e n t  m i n e r a l  matter i n  
c o a l .  

Shor t - con tac t - t ime  (SCT) l i q u e f a c t i o n  ( 8 1 ,  a s  w e  d e f i n e  it, r e f e r s  
t o  t h e  minimum t ime a t  a given t empera tu re  r e q u i r e d  f o r  t h e  comple t e  
d i s s o l u t i o n  of  t h e  c o a l .  This  t ime i s  s u f f i c i e n t l y  l o n g  t o  c o n v e r t  
t h e  c o a l  t o  p r e a s p h a l t e n e s ,  b u t  i s  s h o r t  enough so t h a t  secondary 
r e a c t i o n s  ( i . e . ,  t h e  conve r s ion  o f  p r e a s p h a l t e n e s  t o  t o l u e n e  and pen- 
t a n e  s o l u b l e s )  t a k e  p l a c e  t o  o n l y  a l i m i t e d  e x t e n t .  T r a d i t i o n a l l y ,  
t h e  i n i t i a l  d i s s o l u t i o n  s t e p  has  n o t  been cons ide red  i n  c a t a l y s t  
s t u d i e s ,  g e n e r a l l y  due t o  t h e  b e l i e f  t h a t  t h i s  s t e p  cannot  be c a t a l y t i -  
c a l l y  enhanced. We w i l l  show t h a t  c a t a l y s t s  do have an e f f e c t  on SCT 
l i q u e f a c t i o n .  F i r s t ,  however, w e  w i l l  d e s c r i b e  a m e c h a n i s t i c  pathway 
f o r  c o a l  l i q u e f a c t i o n  r e a c t i o n s .  Fol lowing t h i s ,  w e  w i l l  d i s c u s s  t h e  
r o l e  of  c a t a l y s t s  and t h e  p o t e n t i a l  impacts  of c a t a l y s i s  on c u r r e n t  
and f u t u r e  l i q u e f a c t i o n  p r o c e s s e s .  

D i scuss ion  

The fo l lowing  series r e a c t i o n  p a t h  f o r  c o a l  l i q u e f a c t i o n  is i n  
agreement wi th  t h e  bulk  o f  l i t e r a t u r e  d a t a :  (9-10) 

1. c o a l  + s o l v e n t  -L p r e a s p h a l t e n e  
2 .  p r e a s p h a l t e n e  a s p h a l t e n e  

3. a s p h a l t e n e  + o i l  

The f i r s t  s t e p  o f  t h i s  r e a c t i o n  i s  u s u a l l y  cons ide red  t o  be non- 
c a t a l y t i c ;  i . e . ,  s o l i d  c o a l  p l u s  s o l i d  c a t a l y s f  p l u s  a s o u r c e  o f  hydro- 
gen i s  a very  u n l i k e l y  t y p e  o f  r e a c t i o n .  In  a d d i t i o n ,  mo lecu la r  
hydrogen does n o t  appea r  t o  have a s i g n i f i c a n t  involvement i n  t h e  
d i s s o l u t i o n  process .  

* T h i s  work suppor ted  by t h e  U . S .  Department o f  Energy. 
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The secondary r e a c t i o n s ,  2 and 3 ,  a r e  c o n s i d e r e d  t o  be  s o l u t i o n  
phase r e a c t i o n s  and do i n v o l v e  hydrogen t r a n s f e r .  D i r e c t  i n t e r a c t i o n  
between hydrogen g a s  and model compounds has  been obse rved ,  b u t  t h e  
more u s u a l  mechanism i s  t h e  t r a n s f e r  o f  hydrogen th rough  t h e  
s o l v e n t .  (11-12)  T h i s  r e a c t i o n  i n  p a r t i c u l a r  a p p e a r s  t o  be  c a t a l y t i -  
c a l l y  enhanced. 

A t  t h i s  p o i n t ,  o n e  needs  t o  r e a s s e s s  t h e  p o s s i b i l i t y  o f  c a t a l y s t  
a f f e c t i n g  t h e  d i s s o l u t i o n  s t e p .  There are marked s o l v e n t  q u a l i t y  
e f f e c t s  bo th  i n  upgrad ing  and i n  c o a l  d i s s o l u t i o n . ( l 3 - 1 4 )  Because t h e  
i n t e r c o n v e r s i o n s  o f  t h e  p r e a s p h a l t e n e s ,  a s p h a l t e n e s  and o i l  are a f f e c t -  
ed  by c a t a l y s t s ,  and because  t h e s e  moieties a r e  p a r t s  o f  t h e  s o l v e n t  
which a f f e c t s  d i s s o l u t i o n ,  it fo l lows  t h a t  c a t a l y s t s  are a f f e c t i n g  
c o a l  d i s s o l u t i o n .  The e x i s t e n c e  o f  t h e  s o l v e n t  q u a l i t y  e f f e c t  a lso 
unequivocably e s t a b l i s h e s  t h a t  s o l v e n t  i s  an i n t e g r a l  r e a c t a n t  ( n o t  
j u s t  a medium) i n  t h e  f i r s t  s t e p  o f  d i s s o l u t i o n .  

I n  F igu re  2, t w o  examples of c a t a l y t i c  e f f e c t s  o f  mine ra l  m a t t e r  
These examples are s p e c i f i c  t o  FeS2, on l i q u e f a c t i o n  are shown. (15) 

s i n c e  FeS has  been shown t o  b e  t h e  m o s t  a c t i v e  c a t a l y t i c  s p e c i e s  
i n  minera? m a t t e r .  
w i t h  t h e  inc remen ta l  a d d i t i o n  o f  FeS . This  i n d i c a t e s  a p p a r e n t  ra te  
enhancement a l though  i n s u f f i c i e n t  daga were c o l l e c t e d  t o  compare ra te  
c o n s t a n t s .  A t  c o n s t a n t  c o n v e r s i o n ,  F igu re  2b, a s e l e c t i v i t y  t o  o i l  
(as  opposed t o  gas  make) i s  o b t a i n e d  by t h e  a d d i t i o n  o f  5 w t  % p y r i t e  
and lowering t h e  r e a c t i o n  t e m p e r a t u r e  by 25°C. 

I n  F i g u r e  2 a ,  w e  have shown enhanced conve r s ion  

An example s p e c i f i c  t o  SCT l i q u e f a c t i o n  i s  shown i n  F i g u r e  3. ( 1 6 )  
Here w e  have shown the  marked e f f e c t  o f  t h e  a d d i t i o n  o f  FeS2 on t h e  
d i s s o l u t i o n  and c o n v e r s i o n  o f  c o a l  a t  t e m p e r a t u r e s  where secondary 
r e a c t i o n s  are n o t  obse rved .  An % 15 w t  % i n c r e a s e  i n  THF s o l u b l e s  and 
a complete regime change from s o l v e n t  imbalance ( n e g a t i v e  t o l u e n e  
s o l u b l e s )  t o  a sma l l  p o s i t i v e  conve r s ion  t o  t o l u e n e  s o l u b l e s  i s  
observed.  

These examples have demons t r a t ed  marked e f f e c t s ,  bo th  i n  a p p a r e n t  
rate enhancement and i n  p roduc t  s e l e c t i v i t y .  However, t o  o p t i m i z e  
t h e  p o s s i b l e  c a t a l y s t  e f f e c t s ,  w e  need t o  p r o p e r l y  u t i l i z e :  (1) t h e  
Fe-S system; and ( 2 )  t h e  r e a c t i v i t y  o f  t h e  coa l -de r ived  p roduc t s .  

The Fe-S sys t em has  been s t u d i e d  i n  d e t a i l  bo th  i n  t h e  p re sence  
and absence o f  H2.  
decomposi t ion of FeS i n  a TGA a p p a r a t u s  and determined rates and 
a c t i v a t i o n  e n e r g i e s .  
o f  hydrogen, t h e  a c t i v a t i o n  ene rgy  was measured t o  be % 30 kcal /mole 
i n  each  case .  
t h e  a c t i v a t e d  complex o f  t h e  r a t e  de te rmin ing  s t e p ;  i . e . ,  hydrogen 
a d s o r p t i o n  and d i s s o c i a t i o n  may occur  b u t  does  n o t  a f f e c t  t h e  ra te  o f  
decomposi t ion of p y r i t e .  A mechanism c o n s i s t e n t  w i t h  t h e  d a t a  is:  

I n  1947,  Schwab and P h i l l i n i s  ( 1 7 )  measured t h e  

Although t h e  r a t e s  were a f f e c t e d  by t h e  p re sence  

The measurements p o i n t  o u t  t h a t  hydrogen i s  n o t  p a r t  of  

FeS2 p FeS + S 

H + HS i? H 2 S  

s + n? s HS + H 

Paramount i n  t h i s  d e s c r i p t i o n  i s  t h e  concep t  t h a t  t h i s  i n  an  e q u i l i b r i u m  
sys t em and t h a t  no i n d i v i d u a l  s p e c i e s  invo lved  can be  d e s c r i b e d  sepa r -  
a t e l y  t o  e x p l a i n  t h e  obse rved  c a t a l y t i c  e f f e c t s .  
s e n s e ,  it i s  m o s t  l i k e l y  t h e  H S f u g a c i t y  which c o n t r o l s  t h e  e q u i l i b r i u m  
and e s t a b l i s h e s  o u r  s t e a d y  stage a c t i v i t y .  

I n  an o p e r a t i o n a l  
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The rate o f  decomposi t ion is a f f e c t e d  by coal and s o l v e n t ,  b u t  
t h e  a c t i v a t i o n  ene rgy  i s  n o t  a f u n c t i o n  o f  t h e  system ( i . e . ,  e x t e r n a l  
a tmosphe re ) .  R a t e  c o n s t a n t s  f o r  t h e  decomposi t ion,  a t  35OoC, i n  t he  
p resence  o f  c o a l  and s o l v e n t ,  s o l v e n t  and hydrogen, and wi th  hydrogen 
a lone  have been c a l c u l a t e d ,  kcoal+solvent = 4 ~ 1 0 - ~  mole/min, ksolvent = 

= 1 . 9 ~ 1 0 - 1  mole/min. (181 4.5x10-' mole/min, 
k H z  

Our second approach t o  c a t a l y s t  a c t i v i t y  r e g a r d s  t h e  r e sponse  o f  
t h e  s u b s t r a t e  molecu le s  ( e .g . ,  p r e a s p h a l t e n e s )  t o  " c a t a l y t i c "  t r e a t m e n t .  
A method developed f o r  o b t a i n i n g  and o b s e r v i n g  e f f e c t s  i s  shown i n  
F igu re  4 .  ( 6 )  Three p r e a s p h a l t e n e s ,  d i f f e r i n g  i n  r e a c t i v i t y ,  were 
p repa red  i n  t h r e e  s e p a r a t e  a u t o c l a v e  r u n s  a t  35OoC/30 minu tes ,  405OC/5 
minutes ,  and 43OoC/30 minu tes ,  a l l  a t  Q 1800 p s i g  H . P r e a s p h a l t e n e s  
were i s o l a t e d  by s o l v e n t  e x t r a c t i o n  t e c h n i q u e s ,  a n d 2 t h e i r  subsequen t  
r e a c t i v i t i e s  were measured i n  m i c r o r e a c t o r  expe r imen t s  a t  4OO0C, 
10  minu tes ,  and 450 p s i g  H . The the rma l  r e a c t i v i t y  (no  added c a t a l y s t )  
i s  shown i n  F i g u r e  4a as a2c ross -ha tched  p l a n e ,  where t h e  c o n v e r s i o n  
of t h e  p r e a s p h a l t e n e s  w a s  p l o t t e d  a g a i n s t  t h e  t i m e  and t e m p e r a t u r e  a t  
which t h e y  w e r e  p repa red .  The speck led  p l a n e  w a s  o b t a i n e d  by analogous 
expe r imen t s  w i t h  t h e  a d d i t i o n  of  a ground suppor t ed  CoMo c a t a l y s t - -  
American Cyanamid 1442A CoMo. 

The s l o p e  of the p l a n e  f o r  t h e  c a t a l y z e d  r u n s  i s  g r e a t e r  t h a n  
t h a t  obse rved  f o r  t h e  the rma l  r u n s ,  which i n d i c a t e s  a ra te  enhancement 
by CoMo. More i m p o r t a n t l y ,  t h e  two-plane s u r f a c e s  i n t e r s e c t .  T h i s  
i n t e r s e c t i o n  i s  a l i n e  by d e f i n i t i o n ,  F i g u r e  4b. ( I n c r e a s i n g  t h e  num- 
b e r  of p o i n t s  would p robab ly  produce non-plane s u r f a c e s  i n t e r s e c t i n g  i n  
a cu rve . )  Th i s  l i n e  o f  i n t e r s e c t i o n  d e s c r i b e s  t h e  demarcat ion o f  sub- 
s t r a t e  r e a c t i v i t y  between o b s e r v a b l e  c a t a l y t i c  e f f e c t s ,  and non- 
o b s e r v a b l e  c a t a l y t i c  e f f e c t s .  T h i s  a n a l y s i s  is c a t a l y s t - s p e c i f i c ,  and 
o u r  d e s c r i p t i o n  i s  r e a c t i o n - s p e c i f i c  f o r  t h e  decomposi t ion o f  p r e a s p h a l -  
t e n e s .  Thus w e  have a way to :  (1) tes t  f o r  c a t a l y t i c  a c t i v i t y ;  and 
( 2 )  de te rmine  when and where c a t a l y s t  shou ld  b e  employed. 

Summary 

The e f fec ts  o f  c a t a l y s t  on t h e  e a r l y  s t a g e s  o f  coal l i q u e f a c t i o n  
have been d e s c r i b e d  i n  terms o f  changes i n  d i s s o l u t i o n  and p r o d u c t  
d i s t r i b u t i o n .  The major p o i n t s  e s t a b l i s h e d  f o r  SCT l i q u e f a c t i o n  
i n c l u d e  : 

1. 

2 .  

3. 

C a t a l y s t s  o f  some form a r e  p r e s e n t  d u r i n g  t h e  i n i t i a l  
s t a g e s  of  a l l  d i r e c t  l i q u e f a c t i o n  p r o c e s s e s ;  
C a t a l y s t s  a f f e c t  b o t h  d i s s o l u t i o n  ( i n d i r e c t l y )  and 
secondary r e a c t i o n s ;  and 

Coal-der ived materials t h a t  have been formed a t  s h o r t  
t i m e s  are more t h e r m a l l y  r e a c t i v e  and more s e n s i t i v e  
t o  subsequen t  c a t a l y t i c  t r e a t m e n t  t h a n  coa l -de r ived  
materials t h a t  have been formed a t  l o n g e r  r e s i d e n c e  
t i m e s .  
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Figure 1. A Generic Description for Coal Liquefaction 

Figure 2. Effect of Mineral Matter on Liquefaction 
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